) exhibit premature age-related musculoskeletal pathologies similar to those observed in children with Hutchinson-Gilford progeria syndrome (HGPS). We have reported that muscle-derived stem/progenitor cells (MDSPCs) isolated from Zmpste24 À/À mice are defective in their proliferation and differentiation capabilities in culture and during tissue regeneration. The mechanistic target of rapamycin complex 1 (mTORC1) regulates cell growth, and inhibition of the mTORC1 pathway extends the lifespan of several animal species. We therefore hypothesized that inhibition of mTORC1 signaling would rescue the differentiation defects observed in progeroid MDSPCs. MDSPCs were isolated from Zmpste24 À/À mice, and the effects of mTORC1 on MDSPC differentiation and function were examined. We found that mTORC1 signaling was increased in senescent Zmpste24 À/À MDSPCs, along with impaired chondrogenic, osteogenic, and myogenic differentiation capacity versus wild-type MDSPCs. Interestingly, we observed that mTORC1 inhibition with rapamycin improved myogenic and chondrogenic differentiation and reduced levels of apoptosis and senescence in Zmpste24
INTRODUCTION
The molecular basis behind the process of aging and age-related degenerative changes is still unclear; however, it is believed that these changes may be the result of time-dependent accumulation of stochastic molecular and cellular damage. 1, 2 Murine models of progeroid syndromes have been studied extensively with the aim of elucidating the fundamental mechanisms that drive aging. 3 Lamin A, which is generated after cleavage of the carboxylic acid group of prelamin A via the zinc metalloproteinase STE24 (ZMPSTE24), is a nuclear envelope protein that provides structural support to the nucleus and is involved in various cellular processes, such as gene expression and DNA replication. 4, 5 Through inhibition of Zmpste24 expression, prelamin A accumulates within the nuclear envelope, resulting in nuclear blebbing, a hallmark feature of Hutchinson Gilford Progeria Syndrome (HGPS). 6, 7 Zmpste24 À/À mice demonstrate a spontaneous onset of premature aging with related physiological and phenotypical changes to the musculoskeletal system, such as weight loss, spontaneous fractures, cardiomyopathy, skeletal muscle atrophy, and weakness-all of which are characteristics of HGPS. 6, 8 Prelamin A is involved in the early stages of differentiation of the immortalized mouse myoblast cell line C2C12, 9 with myoblasts expressing a mutated lamin A having a reduced capacity to undergo myogenic differentiation. 10 Muscle-derived stem/progenitor cells (MDSPCs) are multipotent cells isolated from postnatal skeletal muscle through an established preplating technique. [11] [12] [13] They exhibit many important features, including long-term proliferation/self-renewing ability, resistance to oxidative and inflammatory stresses, and the potential for multi-lineage differentiation and self-renewal. 12 MDSPCs can improve the regeneration capacity of both bone and muscle (skeletal and cardiac) through the promotion of angiogenesis. 11, [14] [15] [16] Although adult stem cells are essential in the maintenance of normal tissue function, these cells are also known to undergo an age-related decline in both number and function, similar to other somatic cell types. 17, 18 MDSPCs isolated from Zmpste24 À/À mice have reduced proliferation and myogenic differentiation capacities when compared to wild-type (WT) MDSPCs. 19 Similarly, the Ercc1 À/D progeria mouse model of XPF-ERCC1 (XFE) nuclease, with accelerated aging due to endogenous DNA damage, has dysfunctional MDSPCs. 17 The XPF-ERCC1 nuclease is involved in nucleotide excision repair, inter-strand cross-link repair, and repair of double-strand breaks. 20 mTORC1, also known as mammalian target of rapamycin complex 1 or mechanistic target of rapamycin complex 1, functions as a nutrient/energy/redox sensor and controls protein synthesis (Figure 1A) . [21] [22] [23] mTORC1 comprises mTOR and the regulatory-associated proteins RAPTOR, MLST8, PRAS40, and DEPTOR. 21, 22, 24 Downstream mTORC1 effectors including p70/ribosomal S6 kinase (p70/S6K) regulate cell growth and proliferation, as well as protein synthesis. [21] [22] [23] Inhibition of mTORC1 with rapamycin also significantly extends the lifespan of genetically heterogeneous mice. 25 Both protein synthesis and autophagy are considered critical in regulation of the mammalian lifespan by mTORC1. 26 Mice deficient in lamin A have been found to have enhanced mTORC1 signaling, specifically in tissues linked to HGPS pathology, including cardiac and skeletal muscle. 27 Furthermore, rapamycin has been found to reverse elevated mTORC1 signaling in lamin-A-deficient mice, rescue cardiac and skeletal muscle function, and extend lifespan.
27 mTORC1 signaling pathways also are activated in MDSPCs from progeroid Ercc1 À/D mice, and inhibition of mTORC1 with rapamycin promotes autophagy and improves their myogenic differentiation capacity. 28 Given that stem cell depletion and loss of function with age may limit musculoskeletal tissue regeneration due to reduction in the multi-differentiation potential of adult stem cells, we investigated the impact of premature aging on the multi-lineage differentiation capacity of MDSPCs in ZMPSTE24-deficient (Zmpste24 À/À ) mice. We also examined the effects of mTORC1 inhibition on dysfunctional Zmpste24 À/À MDSPCs with respect to the aging process. Our results demonstrate that age-related adult stem/progenitor cell dysfunction contributes to impaired regenerative capacities, suggesting that mTORC1 inhibition represents a potential therapeutic strategy for improving differentiation capacities of senescent stem and progenitor cells. Figures 1B and 1C) . Further, using antibodies specific for the C-terminal region of prelamin A and lamin A specifically, an increased accumulation of prelamin A and increased band intensity for lamin A at 74 kDa (indicating more unprocessed prelamin A) were found in the Zmpste24 À/À MDSPCs when compared to the WT MDSPCs ( Figure 1D ). Thus, the observed dysfunctional processing of prelamin A in Zmpste24-deficient MDSPCs is consistent with previous reports. 6, 19, 30 We also examined the effect of Zmpste24 deletion on skeletal growth and muscle health. Micro computed tomography (micro-CT) of knee joint and skeletal preparations of 8-week-old Zmpste24 À/À mice indicated bone fragility and rudimentary bone ( Figures 1E and 1F ), although no obvious skeletal abnormalities (joint formation or subchondral bone) were observed in fetal Zmpste24 À/À preparations ( Figure 1G ). Further, skeletal muscle sections collected from adult Zmpste24 À/À mice showed significantly more collagen 1 deposition, suggesting elevated fibrosis in the progeroid animals ( Figure 1H and 1I Figures 2C and 2D ).
RESULTS

MDSPCs from Progeroid
Rapamycin Decreases Apoptosis in Progeroid Zmpste24
-/-
MDSPCs
Some adult stem cell populations are dramatically affected by stress, leading to increased apoptosis. 31 We used the terminal deoxynucleotidyl transferase 2 0 -deoxyuridine, 5 0 -triphosphate (dUTP) nick-end labeling (TUNEL) assay to determine the extent of apoptosis in progeroid and WT MDSPCs. Figure 4C ). However, although rapamycin reduced the expression of p16 and p21 (p21, p < 0.001; p16, p < 0.05; Figures 4A and 4B), it did not restore the proliferative capacity of either Zmpste24 À/À or WT MDSPCs ( Figure 4C ). Cellular senescence is also characterized by elevated b-galactosidase activity. 32 The percentage of senescence-associated b-galactosidase (SA-b-gal)-positive cells among the Zmpste24 À/À MDSPCs was found to be significantly higher than that of WT MDSPCs (p < 0.001; Figure 4D ). Importantly, rapamycin treatment significantly reduced the percentage of SAb-gal-positive cells in the Zmpste24 À/À MDSPC population (p < 0.001; Figure 4D ). Overall, these data demonstrate that rapamycin treatment reduces cellular senescence markers in progeroid Zmpste24 À/À MDSPCs.
Rapamycin Improves the Myogenic Potential of Progeroid
To determine whether the myogenic differentiation capacity of the progeroid Zmpste24 À/À MDSPCs was affected by rapamycin treatment, progeroid and WT cell populations were each cultured to confluence, transferred to differentiation medium (low serum containing medium), and then immunostained to detect the terminal myogenic differentiation marker fast myosin heavy chain (f-MyHC). Independent of rapamycin treatment, the WT MDSPCs fused to form elongated multinucleated myotubes expressing f-MyHC ( Figure 5A ). In contrast, the Zmpste24 À/À MDSPCs formed significantly fewer f-MyHC-expressing cells than did WT MDSPCs, suggesting an impaired myogenic differentiation capacity (p < 0.001; Figures 5A and 5B). Although not all the cells differentiated into myotubes, rapamycin significantly improved the myogenic differentiation capacity of the Zmpste24 À/À MDSPCs (p < 0.001; Figures 5A and 5B). Impaired differentiation of Zmpste24 À/À MDSPCs was also confirmed by measuring the mRNA expression levels of two myogenic differentiation markers, desmin and myosin heavy chain (MyHC) by qPCR. MyHC is a differentiation marker of skeletal muscle, and desmin is expressed at early stages of myogenic differentiation and is continuously expressed until near-terminal differentiation. 33 The expression level of desmin and MyHC in the MDSPCs isolated from the progeroid Zmpste24 À/À mice were significantly reduced compared to those of the WT MDSPCs (MyHC, p < 0.001; desmin, p < 0.001; Figure 5C and 5D). The expression of desmin was significantly upregulated in Zmpste24 À/À MDSPCs after rapamycin treatment. However, although a trend was present, no significant change in MyHC expression was found after rapamycin treatment (MyHC, p = 0.455; desmin, p < 0.05; Figures 5C and 5D ).
Rapamycin Improves the Chondrogenic Differentiation Capacity of Progeroid Zmpste24 -/-MDSPCs MDSPC pellet cultures were cultivated with or without rapamycin and maintained for 14 days prior to staining with Alcian Blue, a well-known chondrogenic stain. Chondrogenic differentiation was significantly impaired in the Zmpste24 collagen alpha 1 (Col2A1) and aggrecan ( Figures 6D and 6E ). Expression levels of Col2A1 and aggrecan were significantly reduced compared to those in the WT MDSPCs (Col2A1, p < 0.001; aggrecan, p < 0.001). However, expression levels of Col2A1 and aggrecan were significantly increased in the Zmpste24 À/À MDSPCs after rapamycin treatment (Col2A1, p < 0.05; aggrecan, p < 0.001), demonstrating that mTORC1 inhibition improves chondrogenic differentiation of Zmpste24 À/À MDSPCs. A disruption of the adipo-osteogenic axis toward adipogenesis during aging is thought to contribute to age-associated obesity, osteopenia, and osteoporosis. 34 Furthermore, mTORC1 signaling is a fundamental contributor to the process of adipogenesis. 35 To examine the role of mTORC1 in the adipogenic program in progeroid cells, Zmpste24 À/À MDSPCs were cultured in adipogenic medium for 15 days, with or without rapamycin, and then stained using the lipid stain Oil Red O. The adipogenic differentiation capacity was significantly enhanced in the Zmpste24 À/À MDSPCs compared to the WT MDSPCs (p < 0.001; Figures 8A and 8B ). In addition, adipogenic differentiation in the progeroid MDSPCs was significantly attenuated after rapamycin treatment (p < 0.05; Figures 8A and 8B ). Levels of mRNA for two adipogenic markers, peroxisome proliferator-activated receptor gamma (PPARg) and lipoprotein lipase (LPL), were also measured. The expression levels of both PPARg and LPL were significantly increased in the progeroid MDSPCs compared to the WT MDSPCs (p < 0.001; Figure 8C and 8D). Interestingly, Zmpste24 À/À MDSPCs treated with rapamycin exhibited significantly reduced levels of both PPARg and LPL expression relative to Zmpste24 À/À MDSPCs without rapamycin treatment (PPARg, p < 0.001; LPL, p < 0.05; Figure 8C and 8D). Overall, these data indicate an increase in the adipogenic signaling program in Zmpste24 À/À MDSPCs, compared to WT MDSPCs, that is at least partially regulated by reducing the mTORC1 activity. 
DISCUSSION
mTORC1 regulates cellular processes, such as protein synthesis in response to energy needs and oxidative stress. 36, 37 Numerous studies have implicated mTORC1 signaling in systemic aging and stem function. 27, 28, 38, 39 The results of the current study demonstrate that rapamycin treatment can reduce the upregulated mTORC1 activity in Zmpste24 À/À MDSPCs. We also show that reducing mTORC1 activity reduced the level of senescence markers and improved function of the progeroid cells by increasing the capacity for myogenic and chondrogenic differentiation with a decreased trend toward adipogenic differentiation. This observation is consistent with the possibility that nuclear abnormalities causing premature aging in Zmspte24-null mice trigger downregulation of differentiation and initiation of stress responses and pathophysiologies associated with the development of progeroid symptoms. Indeed, several studies demonstrated that nuclear envelope abnormalities accelerate aging and may also contribute to the process of normal aging. 40, 41 This supports the concept that genetically engineered progeroid models can be useful, not only in studying mechanisms that underlie the processes involved with normal aging, but also in evaluating potential therapeutic treatments.
3 Accordingly, we recently used naturally aged mice and excision repair cross-complementation group-1 Ercc1 À/D mice (a mouse model of XFE progeria) and demonstrated that MDSPCs isolated from both progeria models had a loss of "stemness," including the loss of proliferation and multi-lineage differentiation capacities. 17, 28 Given Ercc1 À/D mice exhibit progeria via a completely different mechanism, there may thus be a fundamental role for mTORC1 signaling in MDSPCs during the aging process.
Apoptosis and senescence are well-documented cellular responses to DNA damage. 42, 43 In the present study, we demonstrated that
MDSPCs isolated from progeroid Zmpste24 À/À mice have a greater tendency toward apoptosis and cellular senescence when compared to WT MDSPCs, which corroborates the results reported in previous studies. [44] [45] [46] Several previous studies have also found that rapamycin can decelerate cellular senescence, especially in stem cells. [47] [48] [49] [50] In agreement, we found that rapamycin decreased several markers of senescence, leading to functional improvement of the progeroid Zmpste24 À/À MDSPCs. Future studies will examine if these effects are due to a reduction in stress signaling pathways, altered autophagic flux, or apoptosis-related protein expression directly. Nonetheless, the decreased capacity for myogenic and chondrogenic differentiation of MDSPCs isolated from Zmpste24 À/À mice seems to be related to the increased levels of apoptosis and cellular senescence observed. 51 The most striking pathologic phenotype of Zmpste24 À/À mice is most likely the significant musculoskeletal pathologies, such as muscle atrophy, osteopenia, and osteoporosis resulting in spontaneous bone fractures, akin to those occurring in mouse models of osteogenesis imperfecta. 29 It is known that mutations of the lamin A gene, a major structural component of the nuclear envelope, have negative impacts on skeletal muscle function and myoblast differentiation. Ramos et al. 27 reported that mTORC1 signaling is hyper-activated in both skeletal and cardiac muscle in Lmna À/À mice. Rapamycin also decreased mTORC1 signaling, improved skeletal and cardiac muscle function, and increased the lifespan of these mice. 27 Furthermore, human mesenchymal stem cells (hMSCs) isolated from HGPS patients exhibit defective lamin A processing. 54 We also found that MDSPCs isolated from Zmpste24 À/À had nuclear lamin A abnormalities concomitant with decreased myogenic potential, a finding that we similarly found in the Ercc1 À/D progeria mice. 28 It should be noted that skeletal muscle tissues are highly adaptable and that many signaling pathways regulate muscle remodeling. Recent studies have indicated that the formation of skeletal muscle is a tightly regulated process that is critically modulated by Wnt signaling. Myogenesis is dependent on the precise and dynamic integration of multiple Wnt signals, allowing self-renewal and the progression of muscle precursors along the myogenic lineage. 55 In addition, it remains unclear whether defects in MDSPC function arise because of defects in the stem cells, stem cell niche, or both. 56 Therefore, future studies are needed to investigate the dynamic mechanisms that underlie MDSPC dysfunction within the skeletal muscle niche during the process of aging.
Cortical and trabecular bone volumes also are significantly reduced in Zmpste24 À/À mice. 29 We therefore hypothesized that the osteogenic potential of stem cells from Zmpste24 À/À mice might be reduced, and indeed found that the osteogenic differentiation capacity of Zmpste24 À/À MDSPCs was significantly reduced when compared to WT MDSPCs. However, the impaired osteogenic differentiation capacity of the progeroid MDSPCs was not significantly improved after rapamycin treatment, despite the increase in osteocalcin expression. Although it is still unclear why rapamycin does not improve the osteogenic potential of progeroid MDSPCs, there is evidence indicating rapamycin's inhibitory effect on VEGF-mediated signaling, an important feature for osteogenesis and bone repair. [57] [58] [59] Furthermore, it has been reported that rapamycin inhibits VEGF-induced microvascular hyperpermeability and VEGF-A 164 -driven angiogenesis. 60 Although osteogenic differentiation was seemingly unaffected by rapamycin, we did find that rapamycin treatment improved the myogenic and chondrogenic differentiation capacities of Zmpste24 À/À MDSPCs. These observations suggest that abnormally increased activation of the mTORC1 pathway may be involved in stem cell depletion/exhaustion, which is also linked to an accelerated aging phenotype. 28 Downstream factors in the mTORC1 pathway, including 4E-BP1, bind to mRNA and regulate translation, thereby controlling the rates of protein synthesis and cell growth. [61] [62] [63] Indeed, we observed elevated p4E-BP1 in Zmpste24 À/À MDSPCs that was significantly reduced with rapamycin treatment. Of note, the effects of rapamycin were reduced in WT MDSPCs, very likely because of the lower activity of mTORC1 in WT cells.
It has been shown that hematopoietic stem cells (HSCs) from naturally aged mice have elevated mTORC1 activity, and increasing mTORC1 signaling in young mice induces premature aging. 44 Along these lines, rapamycin delays cellular senescence and aging, abrogates nuclear blebbing, and stimulates the degradation of progerin in HGPS cells 64, 65 through a mechanism that probably involves the stimulation of autophagic degradation. 66 Moreover, it was reported that activation of the autophagic pathway using rapamycin can counteract progerin and farnesylated prelamin A accumulation in HGPS cells. 67 Thus, rapamycin partially attenuates defective lamin A processing and represents a potential therapeutic option for HGPS patients. However, rapamycin does have reported side effects, such as elevated serum cholesterol and triglycerides, anemia, proteinuria, skin rashes, diarrhea, immunosuppressive effects, and delayed wound healing, 68 ,69 which may be exacerbated in frail patients with HGPS.
Lynch 70 also found that leucine, an a-amino acid, regulates mTORC1 signaling in adipocytes and some other cells. Further studies are needed for investigating alternatives to rapamycin, including rapamycin analogs, with respect to rescuing age-related changes in MDSPCs. Indeed, second-generation mTOR inhibitors that act as ATP-competitive mTOR kinase inhibitors that can block mTORC1 and -2, and other upstream mTOR regulators have been developed 71 and shown to be more potent than rapamycin and can reduce protein translation, attenuate cell cycle progression, and inhibit angiogenesis in many cancer cells. The advent of these agents will allow for the identification of specific subunit(s) of mTOR that exert pivotal roles in progeria. However, the aim of this study was to use rapamycin as a tool to inhibit mTORC1 to determine its role in differentiation and senescence of progeroid MDSPCs. Further studies in vivo are needed to examine the effects of rapamycin, or rapalogs, on endogenous MDSPCs and other stem cell populations on health and function in the context of progeria or natural aging. Nonetheless, the promising perspectives raised by these results and recent reports 27,67 highlight mTORC1 signaling and the potential applications of mTORC1 inhibitors to counteract age-associated diseases and consequently increase longevity.
In summary, our findings indicated that hyper-activation of the mTORC1 in Zmpste24 À/À MDSPCs contributed to their dysfunction.
Through the inhibition of mTORC1, rapamycin was capable of significantly improving the differentiation capacity while attenuating senescence and apoptosis of progeroid MDSPCs. The role of mTORC1 and its inhibition by rapamycin has been shown to modulate oxidative stress response genes in several studies in vitro and in vivo. Thus, it is likely that a reduction in oxidative stress via the induction of various antioxidant genes, a response noted in several studies, 72, 73 may have played a role in the improved health and function of MDSPCs here. The results of this study provide additional insight into the spontaneous and premature onset of age-related degenerative changes associated with progeroid syndromes and the role that mTORC1 signaling has in the age-related dysfunction of adult stem cells.
MATERIALS AND METHODS
Mice
Zmpste24
À/À mouse genotyping was performed via PCR. 8 All animal experiments were performed in accordance with the Institutional Animal Care and Use Committee of the University of Pittsburgh. Mice were originally developed on a mixed background of 50% C57BL/6 and 50% 129 SvJae. Here, Zmpste24 À/À mice were generated by crossing heterozygous animals, and Zmpste24 +/+ littermates were used as controls or WT.
Skeletal Preparation and Micro-CT
Two-day-and 8-week-old Zmpste24 À/À mice and WT mice were skinned, eviscerated, and fixed in 95% ethanol. Alcian Blue staining was performed, followed by placement into potassium hydroxide to remove the soft tissue. After the cartilage was stained and visualized, Alizarin Red staining was performed to evaluate overall skeletal properties. 74 We also used micro-CT (high-resolution scanner vivaCT 40; Scanco Medical, Brüttisellen, Switzerland) for microarchitectural analysis. Parameters used for the scans were as follows: tube voltage, 50 kVp; tube current, 160 mA; integration time, 3.6 ms; and axial field of view, 48 mm, with an isotropic voxel size of 10 mm.
Isolation of MDSPCs
MDSPCs were isolated from the hindlimb skeletal muscles of 8-week-old (age-matched) WT, 8-week-old (age-matched) progeroid Zmpste24
, and aged (24-month-old) WT (n = 4 per strain, all male) mice using a previously described modified preplating technique. 11, 12 MDSPCs were cultured in proliferation medium (PM) containing high-glucose DMEM, supplemented with 10% fetal bovine serum (FBS), 10% horse serum, 1% penicillin/streptomycin (all from Invitrogen, Grand Island, NY, USA), and 0.5% chick embryo extract (Accurate Chemical, Westbury, NY, USA), within flasks coated with type I collagen (Sigma-Aldrich, St. Louis, MO, USA) at a density of 3 Â 10 5 cells per well in PM. At 70% confluence, the cells were dissociated with trypsin/EDTA, replated at a cell density of 1.0-2.5 Â 10 3 cells/cm 2 , and cultured for 3-4 weeks before performing the belowdescribed cell treatments. All cells used in this study, except for cells examined with long-term culturing conditions (described below), were passaged <10 times.
Rapamycin Treatments
Rapamycin was obtained from LC Laboratories (Woburn, MA, USA), dissolved in dimethylsulfoxide (DMSO) at 50 mg/mL, and stored at À20 C. Zmpste24 À/À and WT MDSPCs were treated with 10 nM rapamycin to inhibit mTORC1. As a control, the same amount of DMSO was used to treat MDSPCs from these two populations. A concentration of 10 nM rapamycin was selected, because this concentration is effective in improving myogenic differentiation without inducing cellular toxicity. 28 To evaluate the effects of rapamycin on MDSPCs, we established four groups: WT MDSPCs, WT MDSPCs+rapamycin, Zmpste24 À/À MDSPCs, and Zmpste24
MDSPCs+rapamycin. We carefully chose the rapamycin concentration to avoid severe side effects, based on our previous work, and used normal PM, not reduced or serum-free medium. 28 
Western Blot Analysis
Protein extraction was performed 24 h after rapamycin treatment.
MDSPCs from WT and Zmpste24 À/À mice were lysed in radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) and Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA), boiled for 5 min, and centrifuged for 5 min at 3,000 Â g. Protein concentrations were measured by using Bradford protein assay reagent (Bio-Rad). A total of 15 mg of protein from each sample was loaded on 10% SDS-polyacrylamide gels then transferred to PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked with 5% nonfat dry milk (Bio-Rad, Hercules, CA, USA) in Tris-buffered saline Tween-20 (TBST) then incubated overnight at 4 C with primary antibodies. Membranes were then probed with horseradish-peroxidase (HRP)-conjugated secondary antibodies at room temperature. Proteins were visualized with SuperSignal West Femto, using enhanced chemiluminescent substrate (Thermo Scientific, Rockford, IL, USA), and the chemical luminescence reaction was visualized with a FOTO/Analyst Luminary/Fx CCD imaging system (Fotodyne Inc., Hartland, WI, USA). The following primary antibodies were used in this study: Beverly, MA). Secondary antibodies used were HRP-conjugated goat anti-rabbit IgG (7074, 1:10,000; Cell Signaling Technology), and HRP-conjugated donkey anti-goat IgG (sc-2020, 1:10,000, Santa Cruz Biotechnology). The density of each blot was quantified by using ImageJ (NIH) normalized to b-actin or vinculin and each blot was representative of four biological replicates.
Immunohistochemical Staining
Fibrosis in skeletal muscle (gastrocnemius) cryosections was determined by using Masson's trichrome staining to detect the collagen I content according to the manufacturer's protocol (Masson's Trichrome stain kit; IMEB, Inc., San Marcos, CA, USA). Images of the histological samples were obtained with a Nikon Eclipse E800 microscope. To detect abnormal cell nuclei, immunohistochemistry was performed. Cultured cells were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). The cells were then incubated with Block Ace Solution (Dako Japan, Kyoto, Japan) and stained with antibodies against lamin A/C (1:50; Santa Cruz Biotechnology) as a sensitive marker for the nuclear lamina, followed by incubation for 1 h with an Alexa Fluor 594-conjugated rabbit anti-goat IgG 1 (1:1,000; Molecular Probes, Grand Island, NY, USA). The nuclei were counterstained with DAPI solution (1:500; Sigma-Aldrich) for 5 min, in order to visualize the nuclei. The morphological definition of abnormal nuclei is the presence of more than two lobulations at the surface. 5 Images were obtained with a Leica DM IRB microscope equipped with a Retiga digital camera and were evaluated with Northern Eclipse software (v6.0; Empix Imaging). Cells were quantified using ImageJ (NIH) image-analysis software, and results are expressed as the percentage of cells with abnormal nuclei per region of interest (ROI).
Apoptosis Detection
Apoptotic cell death was evaluated in cultured cells using the In Situ Cell Death Detection Kit containing fluorescein (Roche Applied Science, Philadelphia, PA, USA) for TUNEL detection, according to the manufacturer's protocol. To visualize the nuclei, the cultures were incubated with DAPI for 10 min. The number of cells that were TUNEL positive was calculated and averaged across 15 fields, each from three replicate cell culture plates in four independent experiments. The percent of apoptotic cells was calculated as TUNEL-positive cells divided by the total number of cells (Â100). Images were obtained and evaluated using the same equipment and analysis tools, as mentioned above.
Cellular Senescence Assay
Cellular senescence was evaluated in cultured cells using the Senescence b-Galactosidase Staining Kit (Cell Signaling Technology) for senescence-associated b-galactosidase (SA-b-gal) activity, according to the manufacturer's protocol. The number of cells that were SAb-gal positive was calculated and averaged across 15 fields, each from three replicate plates in four independent experiments. The percentage of senescent cells was calculated as SA-b-gal-positive cells divided by the total number of cells and then multiplied by 100. Images were obtained and evaluated using the same equipment and analysis tools as mentioned above.
Proliferation Assays
MDSPCs were seeded onto 96-well culture plates at a density of 5 Â 10 3 cells per well and cultured in endothelial cell basal medium (EBM2) with 10% FBS for three separate time points during the experiment (24, 48 , and 72 h) at 37 C in 20% O 2 and 5% CO 2 . Optical density was measured on a plate reader at 490 nm wavelength. The proliferation activities of Zmpste24 À/À mice and WT mice-derived
MDSPCs were examined using the colorimetric Cell Counting Kit (CCK-8; Dojindo Laboratories, Kumamoto, Japan), whereby a formazan dye signal is directly proportional to the viable number of cells. This protocol is an established method of detecting and tracking live cells, as previously described. 75 
Myogenic Differentiation Assay
MDSPCs were seeded onto collagen-type-I-coated six-well plates (1 Â 10 5 cells/well) and cultured for 3 days in PM. Myogenic differentiation was induced by replacing the PM with differentiation medium (DMEM, 2% FBS, and 1% penicillin/streptomycin) and cultured for 4 days, as previously described, 19 with or without 10 nM rapamycin. On day 7, immunostaining for f-MyHC, a marker of terminal myogenic differentiation, was performed, to stain for differentiated muscle cells. Cells were fixed with methanol, blocked with 5% goat serum, and incubated at room temperature with primary mouse anti-MyHC fast (1:250; Sigma-Aldrich) and secondary biotinylated IgG (1:250; Vector Laboratories, Burlingame, CA, USA) for 1 h each. The cells were then incubated in the same conditions for an additional 15 min, following the addition of streptavidin-594 (1:500; Sigma-Aldrich) which was used to fluorescently label the myotubes. The nuclei were then visualized by staining with DAPI for 10 min. Myogenic differentiation was calculated as the percentage of cells expressing f-MyHC. Total cell nuclei and nuclei within f-MyHCpositive myofibers, from 15 fields, each from three replicate plates, were counted using ImageJ. Total RNA was extracted as described below for qRT-PCR analysis. Myogenic gene expression of MyHC and desmin was analyzed. Images were obtained and evaluated using the same equipment and analysis tools as mentioned above.
Chondrogenic Differentiation Assessment
Pellet culture was performed as described previously. 76 Pellets were made in 0.5 mL of chondrogenic medium (Lonza, Allendale, NJ, USA) supplemented with 10 ng/mL transforming growth factor-b3 (TGF-b3; R&D System, Minneapolis, MN, USA), with or without 10 nM rapamycin. The pellets were incubated at 37 C in 5% CO 2 and the medium was changed every 3 days. Pellets were harvested after 14 days in culture. Cultured micromass pellets were fixed with 10% neutral-buffered formalin containing 0.1% cetylpyridinium chloride. The longest and shortest diameters of the pellets were measured using ImageJ software (NIH). Average diameters of the pellets were obtained by dividing the sum of diameters measured for each pellet by the number of measurements. 77, 78 Pellets were stained with 1%
Alcian Blue (pH 1.0) for 30 min in order to stain the highly sulfated www.moleculartherapy.org proteoglycans that are characteristic of cartilaginous matrices. Data from three replicate plates for four independent experiments were analyzed. Total RNA was extracted for qRT-PCR analysis. The expression patterns of chondrogenic genes expressing collagen type 2A1 (Col2A1) and aggrecan were analyzed.
Osteogenic Differentiation Assessment
Osteogenic differentiation assays were performed as previously reported 79 in non-collagen coated flasks. Briefly, 100,000 cells were plated in 6-well plates and cultured under specific osteogenic conditions in DMEM supplemented with 10% FBS (Sigma-Aldrich), 100 U/mL penicillin/streptomycin solution (Sigma-Aldrich), 0.1 mM dexamethasone (Sigma-Aldrich), 50 mM ascorbate-2-phosphate (Sigma-Aldrich), 10 mM b-glycerophosphate (Sigma-Aldrich), and 100 ng/mL bone morphogenetic protein-2 (BMP2; Medtronic), with or without 10 nM rapamycin, and incubated at 37 C in 5% CO 2 . Mineralization was assessed by Alizarin Red staining on day 21. The cultures were rinsed twice with PBS, fixed in 100% ethanol for 30 min, and stained with 1% Alizarin Red (Hartman Leddon, Philadelphia, PA, USA) in 0.28% ammonia water for 10 min at room temperature. The stained cell layers were washed twice with distilled water and air dried for micro-/macroscopic analyses. For quantification, Alizarin Red dye was extracted from the stained cell layer with 5% formic acid solution, and the optical density was measured with a photometer (microplate reader Model 680; BioRad, Tokyo, Japan) at a 415 nm wavelength. Total RNA was extracted for qRT-PCR analysis. The expression patterns of osteogenic genes expressing collagen type 1 alpha 1 (Col1A1) and osteocalcin were analyzed.
Adipogenic Differentiation Assessment
MDSPCs were seeded in 12-well plates at a concentration of 1 Â 10 5 cells per well. After the cells had reached confluence, adipogenic differentiation was induced by exposure to three cycles of standard induction/maintenance media, with or without 10 nM rapamycin. This consisted of culturing the cells for 72 h in adipogenic induction medium containing dexamethasone, 3-isobutyl-1-methyl-xanthine (IBMX), recombinant human insulin, and indomethacin, followed by 48 h of culture in maintenance medium (Lonza). To detect adipogenic differentiation, Oil Red O staining was performed. Lipid droplets in the cells exposed to adipogenic medium were stained with 1-([4-(xylylazo)xylyl]azo)-2-naphthol (Oil Red O; Sigma). Cells were fixed in 4% neutral-buffered formalin overnight at 4 C and then washed with 60% isopropanol (500 mL) on a shaker for 30 min. Oil Red O was dissolved in isopropanol (175 mg/50 mL), diluted in PBS to create a 60% working solution, and filtered through a 0.45 mm syringe filter. The isopropanol wash was aspirated from the wells, the Oil Red O solution was added (200 mL), and the cells were placed on a shaker for 30 min. The dye solution was then aspirated, and the wells were washed with PBS (500 mL) four times over the course of 1 h. Finally, the cells were counterstained with hematoxylin and imaged with a light microscope. For quantification, Oil Red O staining was solubilized in isopropanol, and the absorbance was measured at a wavelength of 510 nm, as previously described. 80 Data obtained from three replicate plates for four independent experiments were analyzed. Total RNA was extracted for qRT-PCR analysis. Adipogenic gene expression of peroxisome PPARg and LPL were analyzed.
RNA Isolation and Real-Time qPCR
Total RNA was obtained from cultured cells using an RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. One microgram total RNA was used for random-hexamer-primed cDNA synthesis with the SuperScript II pre-amplification system (Invitrogen). qRT-PCR reactions were performed in triplicate using iQ5 (Bio-Rad) and Maxima SYBR Green/ROX qRT-PCR Master Mix (Thermo Fisher Scientific), along with gene-specific primers. The primers were designed according to the sequences obtained from the GenBank database (Supplementary Table 1 ). Melting curve analysis was performed with Dissociation Curves Software (Applied Biosystems, Waltham, MA, USA). Results were obtained using sequence detection software (StepOne Software v2.3) and the mean cycle threshold (Ct) values were used to calculate gene expression normalized to that of mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Statistical Analyses
The results were analyzed with a statistical software package (GraphPad Prism, MDF Software, La Jolla, CA). All values were expressed as mean ± SEM. Multiple comparisons among groups were made using one-way ANOVA followed by post hoc testing using Tukey's procedure. A value of p < 0.05 was considered to be statistically significant.
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